The adsorption of pyrrole ͑C 4 H 5 N͒ on SiC͑111͒ / ͑0001͒ and SiC͑111͒ / ͑0001͒ surfaces is studied by means of low-energy electron diffraction and x-ray photoelectron spectroscopy. Accompanying first-principles calculations of energies, geometries, and core-level shifts elucidate possible bonding geometries in dependence on the polarity and the reconstruction of the clean SiC surface. Models for the ͱ 3 ϫ ͱ 3 and 3 ϫ 3 phases of SiC͑111͒ / ͑0001͒ surfaces are presented and discussed.
I. INTRODUCTION
During the last years, the formation of organic thin films on crystal surfaces has attracted much attention in the surface science community, from both the fundamental and practical points of view. [1] [2] [3] In particular, organic functionalization is becoming an indispensable tool for the development of semiconductor-based devices. This technique comprises, on the one hand, the possibility to overcome the size limitations inherent to current-day silicon-based transistors by contacting source and drain with a ͑mono͒molecular gate. On the other hand, it may be used for imparting molecular functionality onto inorganic components by, e.g., covalent immobilization, thus obtaining sensitivity towards chemical stimuli. If such hybrid systems are to be used, however, as highly selective sensors in vivo, nontoxicity in the living organism must be assured, which leads to the minimal demand of biocompatibility. 4 Silicon carbide ͑SiC͒ is a promising candidate for such applications because it is mechanically extremely stable and indeed biocompatible. Its high breakdown field, high thermal conductivity, and strong bonding may turn out advantageously for high-power and high-frequency devices being operational up to 1000 K. The electronic properties of SiC can be tailored due to the large number of possible polytypes simply by variation of the SiC bilayer stacking along the ͓111͔ or ͓0001͔ direction. For example, the fundamental gap ranges from 2.4 eV in cubic 3C-SiC to 3.3 eV in hexagonal 2H-SiC. 5 The difficulties in the preparation procedure of clean, high-quality SiC crystals and surfaces have prevented its widespread commercial use by now. However, in this respect substantial progress has been made recently. 6 The pyrrole ͓C 4 H 5 N, Fig. 1͑a͔͒ molecule has been chosen for organic functionalization of SiC surfaces for three reasons: first, it is a small aromatic molecule, resulting in a relatively limited number of conceivable bonding possibilities on SiC, contrary to, e.g., the adsorption of uracil on Si͑001͒. 7 Second, it possesses as functional units a NH group and two carbon-carbon double bonds which may be used for further functionalization of the surface. Third, it is readily available in good quality, ensuring the reproducibility of the experimental results.
II. EXPERIMENTAL METHODS
The experiments were performed in an ultrahigh-vacuum multichamber piece of equipment. The substrate preparation was similar as described in Refs. 8 and 9. The on-axis 6H-SiC ͑0001͒ polar surfaces ͑silicon or carbon face͒ were prepared ex situ by hydrogen etching at 1800 K. The nominally on-axis SiC surfaces show atomically flat terrraces up to several hundreds of nanometers wide. In situ substrate preparation was done by the common heating in Si flux to clean the surface and to obtain differently reconstructed substrate surfaces corresponding to different surface compositions. The stoichiometry and symmetry of the surfaces were controlled using low-energy electron diffraction ͑LEED͒, scanning tunneling microscopy ͑STM͒, and x-ray photoemission spectroscopy ͑XPS͒. The most stable structures on the Siterminated surface appear in LEED images as 3 ϫ 3, ͑ ͱ 3 ϫ ͱ 3͒R30°, and ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°patterns. They are charac- lacking the upper Si layer, respectively. On the carbon face of SiC samples a 3 ϫ 3 structure was observed. Pyrrole was vapor-deposited at substrate temperatures between 300 K and 1000 K in ultrahigh vacuum. Photoelectron spectra have been measured by Mg K␣ excitation at electron emission angles of 0°and 70°to the surface normal. The measured binding energies have been referenced to the silicon carbide signals of Si 2p at 100.8 eV and C 1s at 283.0 eV.
III. COMPUTATIONAL METHODS

A. Total energy calculations and modeling
The total energy and electronic structure calculations are performed using the gradient-corrected ͑PW91͒ ͑Ref. 10͒ density-functional theory ͑DFT͒ implemented in the Vienna ab initio simulation package ͑VASP͒.
11 The electron-ion interaction is described within the projector-augmented-wave scheme. 12 The electronic wave functions are expanded into plane waves up to an energy cutoff of 25 Ry, which has been demonstrated to be sufficient in our previous studies on small organic molecules in the gas phase 13 and adsorbed on Si͑001͒. [14] [15] [16] The SiC surfaces are modeled with a periodically repeated slab where each supercell consists of six Si-C bilayers plus adsorbed pyrrole molecules and a vacuum region equivalent in thickness to 12 bilayers. Cubic stacking has been assumed along the ͑111͒ direction in each slab. Our previous calculations have shown that the actual stacking and, hence, the polytype of the substrate are of minor influence on the geometry and energetics of the surface layers. 17, 18 The corresponding slab bottom layer is hydrogen saturated and kept frozen during the structure optimization whereas all other atoms are allowed to relax. The calculations are performed using the theoretical SiC equilibrium lattice constant of 4.387 Å. The residual minimization/ direct inversion in the iterative subspace ͑RMM-DIIS͒ algorithm 19, 20 is employed to minimize the total energy of the system. The molecular and surface atomic structure is considered to be in equilibrium when the HellmannFeynman forces are smaller than 10 meV/ Å. The Brillouin zone integrations are carried out with four ͑eight͒ k points in its irreducible part in case of the 3 ϫ 3 ͑ ͱ 3 ϫ ͱ 3͒ reconstructions.
B. Surface core-level shifts
The core-level binding energy E b that is probed by XPS is, by definition, the energy that is necessary to remove a core electron from an atom. Formally it is given by the modified total energy difference
Here E(Z͑nl͒) denotes the ground-state energy of the system where the core state of a certain atom of species Z is characterized by the quantum numbers n and l. Correspondingly, E(Z͑nl͒ −1) is the total energy of the system where one electron is removed from the nl core state. The calculation of the binding energy according to Eq. ͑1͒ necessitates the sufficient localization of the excited hole in the core of the atom but this weak condition is practically always satisfied. Usually the binding energy E b is not measured with respect to the vacuum level, but with respect to the Fermi level F of the metallic sample holder. In order to derive structural or chemical information about the system, the change of the binding energy due to the different environments of the considered atom, the core-level shift, is studied. In particular, the surface core-level shift ͑SCLS͒ is the difference between the core-level binding energies of an atom in a surface ͑surf͒ system and the same atom in a certain reference ͑ref͒ system 21 :
The screening of the core hole by the valence electrons describes the so-called final-state effects which, consequently, give rise to the so-called final-state surface core-level shift
The 
͒. ͑4͒
The necessary modifications to the DFT code in order to obtain access to the core-state energies c as well as to the energies E(Z͑nl͒ −1) were implemented into VASP by Köhler and Kresse as described in Ref. 23 . We have concentrated on the nitrogen 1s ͑N 1s͒ core level because nitrogen is not present on the clean surfaces and can therefore act as a direct probe for adsorbed molecules: if nitrogen is present in the XPS spectrum, then pyrrole adsorption has taken place. It is clear that the choice of the reference system is of crucial importance for values of the calculated SCLS. In this work we have examined three different systems. Isolated, gas-phase pyrrole ͑Py͒ suggests itself as the natural reference system because it is easy to calculate and, ideally, not influenced by hard-to-control interactions. Liquid pyrrole ͑ᐉPy͒ might be closer to experimental conditions but is hard to simulate in DFT calculations. Here we have obtained a snapshot of liquid pyrrole from the following considerations: The bonding between the molecules in liquid pyrrole should be stronger than in the gas phase, but weaker than in a molecular solid. As a compromise, eight pyrrole molecules are put in a 10ϫ 10ϫ 10 Å 3 supercell so that each occupies roughly 1 / 8 of the cube in which each one is aligned randomly in space. Also after full geometry optimization, no apparent order is observed so that the resulting structure is taken as a representative snapshot. Although this is a crude approximation to a liquid, we obtain an energy gain of about 0.2 eV per molecule upon liquefaction compared to the gas phase and an average N 1s core-level energy comparable to the one of the isolated molecule. In this arrangement the density of the pyrrole liquid amounts to about 0.89 g cm −3 compared to about 0.97 g cm −3 under normal experimental conditions. This slightly diluted liquid should resemble the experimentally attainable reference system closely. Both the gas-phase and liquid reference systems have in common that the bonding between the molecules is weak so that the systems are stabilized by physisorption rather than by chemisorption. Polypyrrole ͑PPy͒, on the other hand, is a chain molecule with strong covalent bonds between the links, Fig. 1͑b͒ . Although the nitrogen atom is not involved in the covalent bonding, its chemical environment is changed so drastically that the calculated initial-state SCLS's are more than 1.5 eV larger than for the reference systems in which physisorption prevails as shown below. This indicates that even within the initial-state approximation the SCLS's are indeed sensitive to the chemical environment and that even subtle differences between seemingly similar reference systems show up in the values. It should be noted that the calculated SCLS's with respect to polypyrrole will be quoted for completeness rather than for an actual comparison to experimental values because polypyrrole was definitely not present during the measurements.
C. Relation between adsorption energy and desorption temperature
To assess the stability of adsorption structures at experimental conditions it is possible to calculate approximate desorption temperatures from the adsorption energies which are equated to the height of the barrier that must be surmounted during the desorption process. The temperature-dependent desorption rate can be described by the Polanyi-Wigner equation 25, 26 
where N is the ͑temperature-dependent͒ number of molecules on the surface, the desorption order, usually 0, 1, or 2, E a the activation or barrier energy per molecule, and the frequency prefactor ͑in s −1 ͒. Temperature-programmed desorption experiments are usually conducted employing a constant heating rate ␤ so that T = T 0 + ␤t. The desorption of molecules from surfaces is a first-order process, so = 1. The maximum desorption occurs for dk des /dt = 0 which leads to the RandallWilkins expression
It can be rearranged into
, ͑7͒ and r 0 = 0.02835 K −1 . As one is mostly interested in a rough estimate for the desorption temperature it is sufficient to replace the varying r 0 by, e.g., the arithmetic mean of the maximal and minimal values. This results finally in the expression
͑8͒
IV. RESULTS: CLEAN SURFACES
To simplify the notation, the Si-terminated ͑111͒ / ͑0001͒ face of SiC will be denoted Si-SiC, the C-terminated ͑111͒ / ͑0001͒ face C-SiC. Si-SiC is known to exhibit a variety of surface structures, the most prominent among them the ͑ ͱ 3 ϫ ͱ 3͒R30°and the Si-rich 3 ϫ 3 reconstruction. The most stable ͱ 3 ϫ ͱ 3 reconstruction over a wide range of preparation conditions consists of a Si adatom located in a effectively fourfold-coordinated site on top of an underlying second layer atom ͑T 4 ͒, Fig. 2͑a͒ . 28, 29 The Si-rich 3 ϫ 3 reconstruction contains a full Si adlayer complemented by a Si trimer and an additional Si adatom, Fig. 2͑c͒ . 30, 31 These geometries have been taken as a starting point for the calculation of the structural properties of the Si-SiC surfaces. The full geometry optimization yields bond lengths and bond angles which are in excellent agreement with previous experimental and theoretical investigations.
Unfortunately, to the best of our knowledge, there exist no models for the 3 ϫ 3 and ͱ 3 ϫ ͱ 3 reconstructions of the C face of SiC that are generally accepted, despite a large number of studies during the last decade. [32] [33] [34] [35] [36] Although the ͱ 3 ϫ ͱ 3 phase on the C face is not observed in the experiments conducted in this work, we include in the calculations, for the sake of completeness, a model of C-SiC͑ ͱ 3 ϫ ͱ 3͒R30°c onsisting of a Si adatom in a T 4 site, Fig. 2͑b͒ , as suggested by Sabisch et al. in Ref. 28 . In the case of the 3 ϫ 3 phase of C-SiC we follow Hoster et al. 37 and employ a model for the 3 ϫ 3 phase of C-SiC similar to the case of Si-SiC, Fig. 2͑d͒ : On top of the terminating carbon layer a Si wetting layer appears which is covered by the Si tetramer. The surface unit cell thus contains one dangling bond on the topmost Si adatom, in accordance with valence band emission spectra recorded by Li and Tsong.
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V. RESULTS: PYRROLE-ADSORBED SURFACES
A. Spectra, geometries, and coverage dependence
X-ray photoelectron spectra
The x-ray photoelectron spectra of pyrrole on SiC͑0001͒ obtained after different preparation steps revealed three different bonding states of N 1s electrons at binding energies of 400.3 eV, 399.6 eV, and 398.0 eV. The spectra corresponding to the latter two are shown in Fig. 3 . The component at the highest binding energy ͑400.3 eV, not shown͒ was measured for a pyrrole film prepared by wetting a SiC surface in air with liquid pyrrole. That way, the N 1s signal of free or physisorbed pyrrole molecules is measured. The lower N 1s binding energy measured at 399.6 eV on pyrrole vapordeposited in vacuum at room temperature can be assigned to a chemical bonding of the nitrogen atom to the silicon of the SiC substrate. This finding supports the model of NH dissociation and covalent attachment of pyrrole by N-Si bonding. After heating the samples of pyrrole adsorbed on SiC at a temperature higher than 600 K in vacuum, a third component at a lower binding energy of 398.0 eV was measured. The intensity of this component increases with temperature, and the signal at 399.6 eV disappears at 900 K. The low-bindingenergy component can be assigned to silicon-nitride bonding due to decomposition of pyrrole at high temperature.
Model geometries
Relaxed bonding geometries resulting from the calculations are depicted in Fig. 4 ͑see Fig. 5 for the definition of the tilt angle between molecule and surface normal͒. In the eight adsorption models studied here the starting geometry was that of the relaxed substrate structure plus one pyrrole molecule ͑save one H atom in the dissociated case͒ lying flat on the surface with the N atom about 1 Å away from the Si adatom. In this way it can be ensured that there is a substantial initial repulsive force acting on the atoms of the molecules that drives the structural optimization. The resulting Si-N distances are larger than 1 Å in all cases studied here ͑Table I͒. Neither for the choice of the initial pyrrole position nor during the structural relaxation any symmetry considerations or constraints having been employed, molecular as well as substrate atoms were completely free to relax. The computed key structural parameters are listed in Table I . The models have in common that the translational symmetry of the clean surface is kept; furthermore, in agreement with the LEED and XPS observations, the number of adsorbed pyrrole molecules is directly proportional to the number of dan- gling bonds. This observation limits the number of conceivable model geometries because it implies bonding of pyrrole at or near the surface adatom dangling bond.
Phase diagrams
For interfaces with different coverages, adsorption energies alone are not sufficient to assess the relative stability of the respective models. Here we simulate the experimental preparation conditions by taking into account the varying supplies of both hydrogen and pyrrole. Therefore we calculate the grand canonical potential ⍀ in dependence on the chemical potentials P of pyrrole and H of hydrogen,
where F is the free energy of the slab, and n P and n H are the numbers of pyrrole molecules and hydrogen atoms, respectively. Figure 6 indicates that the pyrrole-adsorbate structures can hardly be stabilized if the chemical potentials of hydrogen and pyrrole vary independently. Exemplarily we show the calculated two-dimensional phase diagram for the model structure D Si − ͱ 3 ϫ ͱ 3. The energy needed to dissociate a hydrogen atom from the pyrrole molecule amounts to about 2.8 eV so that pyrrole itself therefore acts as a hydrogen reservoir at ambient conditions. The phase diagram shows that over a wide range of hydrogen and pyrrole supplies the most favored pyrrole adsorption structure corresponds to full monolayer pyrrole coverage. The same observation is made for the other adsorption models studied here. This finding is in close agreement with a previous study of pyrrole adsorption on the Si͑001͒ surface. 14 The presentation proceeds as follows: We discuss the structural, energetic, and electronic properties of the model systems characterized by dissociative adsorption ͑D͒ in Sec. The four relaxed D-interfaces are similar with respect to the N-Si bond length of about 1.76 Å which is characteristic for a covalent bond between nitrogen and silicon and thus confirms the experimental finding of a N-Si bond formation.
The dissociated pyrrole molecules are not exactly standing upright due to the influence of the nitrogen lone pair, but are only slightly tilted with respect to the surface normal with tilting angles ␣ between 10.2°and 22.7°; see Table I and Fig. 4 .
The most striking feature can be observed for the adsorbate structure D C − ͱ 3 ϫ ͱ 3. During the molecule adsorption the Si adatom is moved from its T 4 site into a H 3 site ͓see Fig. 2͑b͒ and Fig. 4 for comparison͔. As the symmetry change occurs spontaneously during the geometry optimization without any additional external fields or else, the pyrrole molecule obviously lowers the small energy barrier separating the T 4 and H 3 structures of the clean C-SiC − ͱ 3 ϫ ͱ 3
surface. This result shows that the properties of the C face are remarkably different from those of the Si face although the starting overlayer configurations strongly resemble each other and should in principle exhibit the same chemistry. This different behavior may be related to a large extent to the TABLE I. Calculated key structural parameters of the pyrrole adsorbate structures. ␣ corresponds to the tilt angle between the pyrrole molecular plane and the surface normal vector as defined in Fig. 5 , N-Si denotes the nitrogen-silicon bond length, and A-X T i ͑i =1,2,3͒ the distance from the Si adatom to the nearest three substrate atoms ͑X = C for D C − ͱ 3 ϫ ͱ 3 and I C − ͱ 3 ϫ ͱ 3, else X =Si͒, and A-X the corresponding distance on the clean reconstructed surface ͑all lengths in Å͒. different bond polarities of the Si-Si and Si-C bonds which influence the further attachment of molecules. This conjecture is corroborated by the observation that the structural differences between the C and Si faces are less pronounced for the 3 ϫ 3 reconstruction where the additional Si layer reduces the effect of the terminating bilayer.
The energetic and electronic properties, however, differ drastically for the adsorption structures on the Si and C faces with 3 ϫ 3 reconstructions. The D Si −3ϫ 3 model gives rise to a substantial adsorption energy of more than 3.0 eV, Table  II , while the D C −3ϫ 3 model turns out to be unstable; i.e., the total energy of the interface system is higher than the sum of total energies of the substrate and adsorbate alone. Nevertheless, the geometry optimization finds that the dissociated molecule stays at the surface with a bonding between the Si adatom and the N atom which, judging from the bond length of 1.76 Å, has a covalent character. This structure corresponds to a local minimum on the total energy surface, so consequently there must exist an energy barrier for the detachment of the fragmented pyrrole which is even higher than 0.11 eV. Therefore this configuration, if realizable at all, is at best a transition state during the formation of ordered overlayers.
For the interpretation of the calculated SCLS's we restrict ourselves to the values obtained with respect to liquid pyrrole. This is justified because this reference system comes closest to what is realized in the XPS experiment; see the beginning of Sec. V. It is remarkable to note from Table II  that are qualitatively different as they differ in sign. This fact suggests that the screening of the core hole in the N 1s state plays a major role in the adsorption pyrrole/SiC system, whereas the effect was shown to be of minor importance, e.g., for the Ga 3d state of relaxed GaAs͑110͒ surfaces. 40 Although the obtained final-state SCLS's for all the four dissociated structures are, in absolute numbers, about twice as large as the experimentally determined shift of −0.7 eV for the ͱ 3 ϫ ͱ 3 Si-face structure, they confirm the experimental observation that the Si-face as well as the C-face structures exhibit shifts with the same sign and in the same order of magnitude; from the x-ray photoelectron spectra of the latter ͑not shown͒, a likewise shift of −0.7 eV was derived. Moreover, anticipating the results for the intact adsorption geometries in Sec. V B 2, the trend of the final-state SCLS's is in accordance with the chemical intuition that atoms in a physisorbed molecular overlayer experience smaller shifts than when covalently attached to the surface. The initial-state SCLS's, however, would predict the largely counterintuitive reversed trend.
Thus from the SCLS's alone we cannot finally prove or disprove the models for the ͱ 3 ϫ ͱ 3 and 3 ϫ 3 C faces, but from the negative adsorption energy the ͑hypothetical͒ D C −3ϫ 3 model turns out to be unable to support a stable molecular overlayer, and indeed the 3 ϫ 3 reconstruction vanishes on the C face after dosing with pyrrole. The adsorption models with intact pyrrole molecules ͑I͒ ͑see lower panel of Fig. 4 and Table I͒ vary in numbers and conceptually from the dissociated ones. The adsorption of the intact pyrrole molecules on the SiC substrates does not take place by covalent attachment, but by weak physisorption in the case of the models I Si − ͱ 3 ϫ ͱ 3 and I C − ͱ 3 ϫ ͱ 3 with adsorption energies of 0.08 eV ͑Si face͒ and 0.14 eV ͑C face͒ which are one order of magnitude smaller than those for the D − ͱ 3 ϫ ͱ 3 models. These values correspond to desorption temperatures, as calculated from Eq. ͑8͒, of approximately 26 K ͑Si face͒ and 46 K ͑C face͒ which are way below the experimentally employed vapor-deposition temperatures. Thus at room temperature these structures are unlikely to appear in contrast to the dissociated pyrrole overlayers with high maximum desorption temperatures of about 470 K ͑D Si − ͱ 3 ϫ ͱ 3͒ and 520 K ͑D C − ͱ 3 ϫ ͱ 3͒.
The intact ͱ 3 ϫ ͱ 3 as well as the intact 3 ϫ 3 models have in common that the pyrrole molecule itself remains flat but assumes a geometry with a large tilting angle ␣ and NH group far away from the surface ͑N-Si distances between 3.4 Å and 4.2 Å͒. That means that the actual weak attractive interaction takes place between the dangling bond of the Si atom and the lowest-lying CH group of pyrrole. Apart from this, they differ considerably. The model I C − ͱ 3 ϫ ͱ 3 stands out because the molecule adopts a position which can be imagined to be derived from I Si − ͱ 3 ϫ ͱ 3 by substitution of the substrate and a rotation of the adsorbate around a mo- lecular in-plane axis. Although no symmetry change of the Si adatom occurs as in model D C − ͱ 3 ϫ ͱ 3, the situations are comparable because they show the drastic influence of the nominal surface termination on the molecular adsorption pathway due to the differences in bond polarities. The intact pyrrole adsorption structures on the 3 ϫ 3 reconstructed surfaces, on the other hand, are structurally similar to each other as is observed for the respective dissociated adsorption models whereas the energetics is found to be antipodal: we predict the I Si −3ϫ 3 model to be stable with an accompanying energy gain of 2.1 eV whereas the formation of the geometrically alike I C −3ϫ 3 model is strongly endothermic with a necessary energy expense of more than 0.8 eV. The relatively high adsorption energy of 2.1 eV for the I Si −3ϫ 3 model obviously contradicts the identification of this model as a physisorbed structure although the calculated N-Si distance of 3.48 Å is about twice as large as the sum of the covalent radii of N and Si. A possible explanation is that the main contribution to the adsorption energy arises not from the interaction between the adsorbate and the substrate, but from the intermolecular interaction of the pyrrole overlayer. It is stronger than in the intact ͱ 3 ϫ ͱ 3 models because of the substantially larger tilting angle ␣ of 68.6°. Apparently, the smaller tilting angle of 60.5°in the I C −3ϫ 3 model corresponds to a smaller lateral interaction that is not sufficient to lead to a positive adsorption energy.
Again, initial-state and final-state SCSL's predict contradicting trends. The initial-state SCLS's have large negative values ⌬S ini of the order of −1.5 eV that indicate a strong change of the atomic nitrogen potential upon intact molecular adsorption, although with respect to liquid pyrrole one expects these changes to be small because the chemical environment of the corresponding nitrogen atom is, at least in an atomic picture, very similar both in the adsorbate and in the reference system. Nevertheless, the final-state SCLS's of the order of −0.7 eV show that there is indeed a change of the chemical environment but which is less pronounced than in the case of the dissociated adsorption geometries: the SCLS's for the I models are smaller by a factor of 2 than for the D models. From the comparison of final-state SCLS's to the experimental shift of −0.7 eV one could be tempted to conclude that the intact adsorption geometries are the ones that are realized in the experiments. However, this interpretation falls short of taking into account the systematically lower adsorption energies of the I models ͑with the exception of I Si −3ϫ 3͒ that hamper their occurrence at the experimental preparation temperatures; see the beginning of this section. Considering the uncertainties of the theoretical models the calculated SCLS's are in any case to be interpreted with due caution. Moreover, even the final-state approximation employed here does not include the possible rearrangement of the remaining core electrons.
Especially for the N 1s state this effect is expected to lead to a substantial change in the core-level shifts because the extraction of one of the two s electrons strongly modifies the character of the state. In the case of the Ga 3d state, mentioned in Sec. V B 1, the emission of one of the ten d electrons should alter the state only slightly. Therefore the shifts alone are not sufficient to obtain a final decision on the realized adsorption geometries.
VI. SUMMARY AND CONCLUSIONS
The adsorption of pyrrole on the Si and C faces of the ͱ 3 ϫ ͱ 3 and 3 ϫ 3 reconstructed SiC͑111͒ / ͑0001͒ surfaces has been studied experimentally by LEED and XPS and theoretically by ab initio calculations of structure, energetics, and surface core-level shifts. The calculations elucidate two major reaction pathways: NH dissociation ͑D͒ and covalent attachment of pyrrole upon adsorption and physisorption ͑I͒ of the nondissociated molecule. The dissociative adsorption is found to be favored both from the calculations and from the experimental findings. Pronounced differences between the D and I pathways are, above the geometry distinction, the systematically lower adsorption energies of the latter which render their realization improbable at ambient conditions. Furthermore, the calculated final-state SCLS's with respect to liquid pyrrole differ by about a factor of 2. The corresponding initial-state SCLS's, however, not only show a large scatter in the values, but also magnitudes which apparently contradict expectations from a chemistry point of view, and they seemingly predict different directions of the shift for the first three dissociated models and the intact models. For both the initial-and final-state SCLS's the deviations are traced back to the drastic changes the N 1s state experiences upon extraction of a core electron which are not covered in either of these approaches to the calculation of surface corelevel shifts.
While the geometries of the clean Si-face of SiC͑0001͒ or SiC͑111͒ with ͱ 3 ϫ ͱ 3 or 3ϫ 3 translational symmetries are well established and agreed upon, no such models exist for the corresponding C faces. One partial aim of this study was to use pyrrole to probe the surface composition of the 3 ϫ 3 phase of the C face: the x-ray photoemission spectra hinted at the formation of a covalent N-Si bond and, as such, to the presence of Si at the C face. The proposed adlayer-adtrimeradatom model was sufficient to explain the instability of an ordered overlayer of pyrrole molecules because of the negative adsorption energy. But it is unlikely to be entirely correct because, from the preparation point of view, the amount of Si necessary for the formation of this structure seems to be too high.
